1 .-The ability of the mitochondria from red and white skeletal muscle of rabbit to oxidize various substrates with coupled phosphorylation was determined to evaluate the relative capacities of the two muscle types to utilize carbohydrate and fat for aerobic energy production. The respiratory rates were highest with pyruvate and were similar with mitochondria of red and white muscle. Compared to pyruvate, respiration with (-)-palmitoylcarnitine and (-)-acetylcarnitine was only slightly slower in red but nearly half as great in white muscle mitochondria. The ADP/O values were similar with pyruvate and (-)-acetylcarnitine but lower during (-)-palmitoylcarnitine oxidation. The activities of palmitate-activating enzyme and carnitine acyltransferases were twice as high in red as in white muscle mitochondria. Thus, white muscle, and to some extent red muscle, appears potentially capable of deriving more usable energy by oxidizing carbohydrate than fat, and this correlates with the known observations that in vigorously exercising muscle carbohydrate utilization predominates over that of fat. muscle metabolism; energy relationships; mitochondrial respiration; mitochondrial enzymes PHYSIOLOGICAL DIFFERENCES in the function of red and white muscle fibers are well recognized (27, 37, 47, 49) . It is generally considered that red muscle functions in slow and sustained activity, whereas contractions of white muscle are adapted for short-lasting rapid bursts of activity. This view is substantiated by the recent demonstration (42) that in the tuna, electrical activity can be recorded from red muscles during periods of normal quiet swimming, but from white muscles it can be recorded only during brief periods of rapid swimming.
Evidence obtained by histochemical techniques as well as by direct biochemical analyses shows that white muscle breaks down glycogen at a faster rate and exhibits greater activities of phosphorylase and several glycolytic enzymes as well as a greater susceptibility of conversion of phosphorylase b to a on stimulation than red muscle. During glycogenolysis, a considerable amount of lactate accumulates in white but not in red muscle, showing that the former is capable of deriving energy by anaerobic glycogenolysis.
On the other hand, the capacity for aerobic oxidative metabolism appears much greater in red as compared to white muscle, as shown by the observations that red muscle utilizes pyruvate and lactate more efficiently, consumes more oxygen, gives off more CO:!, has a larger number of mitochondria and a higher concentration of myoglobin and greater activities of succinic dehydrogenase, cytochrome oxidase, and citrate synthase (2, 4, 9, 14, 16, 18, 21, 29, 30, 37, 38, 48) .
With regard to the ability to use fat for energy production, there has been considerable speculation as to whether these two muscle types differ. The findings that red fibers appeared richer in fat histochemically and possessed greater lipase activity have led to the view that the aerobic metabolism in muscle may be primarily based on fatty acid oxidation and that red muscle has a greater capacity to oxidize fat, as compared to white muscle (3, 10, 2 1, 30, 3 1, 46). However, a systematic comparison of the ability of red and white muscle to utilize fat for energy production, as compared to their ability to derive energy by aerobic oxidation of carbohydrate, has not been made. We have attempted to seek this information by studying with various substrates the mitochondrial oxidation and accompanying phosphorylation using the organelles isolated from red and white skeletal muscles of the rabbit. The activities of some of the enzymes involved in the mitochondrial oxidation of fatty acids in red and white muscles were also compared.
METHODS

Mitochondria
from skeletal muscles of rabbit and heart of rat were isolated as previously described using Nagarse (44), except that for the ATP-dependent palmitate-activating enzyme assay, mitochondria were obtained by a method that did not employ Nagarse (32).
The details of the polarographic procedure employed for the measurement of oxygen consumption, of the assay method for the ATP-dependent palmitate-activating enzyme, and of protein estimation have been described earlier (32, 44) .
For the assay of carnitine acetyltransferase, mitochondria were frozen, thawed the next day, and extracted with phosphate-EDTA-deoxycholate medium as described by Marquis and Fritz (26). The enzyme was subsequently assayed in these extracts according to the procedure of Fritz et al. ( 19) . The carnitine palmitoyltransferase was assayed as described previously (32). The concentrations of (-)-carnitine and palmitoyl-CoA for optimal activity were found mutually related as the K, for (-)-carnitine rose with increasing concentrations of palmitoyl-CoA (unpublished data). This behavior of the skeletal muscle cainitine palmitoyltransferase is thus similar to that of the enzyme from liver of calf and rat (21). In addition, the optimal concentration of pal- (-)-Acetylcarnitine was synthesized according to Brendel and Bressler ( 13) and the ester group analysis suggested it to be 86 70 pure. Details of other chemicals were described before (32, 44).
RESULTS
Most, if not all, of the oxygen utilizing energy yielding reactions in muscle are expected to proceed in mitochondria. For carbohydrates, besides the substrate level phosphorylations accompanying glycolysis or glycogenolysis that occur in the extramitochondrial region, the major energy yielding process is the aerobic oxidation which follows the entrance of pyruvate into mitochondria.
For energy yielding reactions of fatty acids the corresponding intermediate that enters the mitochondria directly is the (-)-acylcarnitine ester. These substrates were therefore employed to determine the abilities of mitochondria to oxidize carbohydrate and fat for energy purposes. Table  1 presents the mitochondrial respiratory rates obtained with different substrates in presence of nonlimiting concentrations of ADP and Pi. As may be seen, with pyruvate, mitochondria from red and white muscle respired equally well and showed similar ADP/O ratios and high respiratory control ratios. This confirms the previous finding of Rigault and Blanchaer (44) that there are no differences in this regard.
white muscle mitochondria; in red muscle mitochondria this difference was relatively small but statistically significant (P < 0.001). The ADP/O values observed during (-)-palmitoylcarnitine oxidation were similar with mitochondrial preparations from both types of muscles but these were significantly (P < 0.001) 1 ower than the ADP/O value obtained during pyruvate oxidation.
Since during the @oxida-tion of fatty acids one of the dehydrogenation steps involves a flavin coenzyme, an ADP/O of only 2.0 is to be expected as this step unlike the ADP/O of 3.0 during the mitochondrial NAD-linked and overall citric acid cycle oxidations. Hence, during the complete oxidation1 of palmitate starting with (-)-palmitoylcarnitine as substrate, the theoretical ADP/O is expected to be 2.47, in contrast to the ADP/O of 3.0 expected during the oxidation of pyruvate. Thus, the ADP/O with (-)-palmitoylcarnitine, as compared to that with pyruvate, is expected to be 17.8 % lower. The experimentally observed difference of 13 % as calculated from the data of Table  1 is thus close to theory. This shows that during (-)-palmitoylcarnitine oxidation, in addition to the citric acid cycle oxidations, the ,&oxidation steps were also well coupled to phosphorylation.
When (-)-acetylcarnitine was offered as a substrate (Table 1) slower rate than those of red muscle. This difference between red and white muscle mitochondria with (-)-acetylcarnitine was similar to that seen with (-)-palmitoylcarnitine. The absolute rates of (-)-acetylcarnitine oxidation were slightly lower, though statistically significant (P < 0.05 for red and < 0.02 for white muscle mitochondria) as compared to (-)-palmitoylcarnitine oxidation rates. The coupling of oxidation to phosphorylation during (-)-acety lcarnitine oxidat ion was similar with the organelles from the two I mscle types, a nd the values obtained were comparable to those observed with pyruvate as a substrate. It may be seen from data of Table 2 that the activities of the ATP-dependent palmitate-activating enzyme2, carnitine palmitoyltransferase, and carnitine acetyltransferase were all nearly twice as high in mitochondria of red skeletal muscles as in those of white muscles.
DISCUSSION
It is evident from this work that mitochondria from red skeletal muscle of rabbit, as compared to those from white muscle, possess a greater capacity for fatty acid oxidation. Since red muscles have a greater number of mitochondria ( 18, 37,38,47), these differences would become magnified if comparisons between red and white muscle were made on tissue weight basis. Bilinski (7) had observed with fish muscle that the oxidation of 14C-labelled fatty acids was more rapid with red than white muscle. Our results with rabbit muscle confirm this difference and suggest that qualitatively this difference is likely to be a general one. Lynen et al. (25, 50) f ound that the activities of some of the enzymes of P-oxidation showed a rough correlation with the known rates of fatty acid oxidation in different tissues. More recently we reported that this applied for the ATP- The results presently obtained show such an association in red and white muscle as well. Although the carnitine acetyltransferase activity was very high as compared to carnitine palmitoyltransferase, respiration with acetylcarnitine was slower than with palmitoylcarnitine. Nevertheless, the capacity of acetylcarnitine oxidation appeared related to the carnitine acetyltransferase activity, as both were nearly twice as high with mitochondria from red muscle as with those from white.
While not long ago it was generally considered that carbohydrate was the major fuel for working muscle, more recently the emphasis has been shifting to fat ( 17). It is clear, however, that red and white muscle have the capacity for oxidizing both carbohydrate and fat. The extent of energy conservation accompanying the oxidation of carbohydrate and fat in these muscle types appears alike insofar as there were no differences in the ability of the mitochondria of red and white muscle to couple oxidation of pyruvate and (-)-acylcarnitines to phosphorylation. Since mitochondria from white muscle exhibited a greater capacity for oxidizing pyruvate than (-)-palmitoylcarnitine, the generally held view (17, 29, 31 ) that carbohydrate is more important for the energy metabolism of white muscle may be valid even under aerobic conditions, particularly during periods of active metabolism.
The inference that fat is more important than carbohydrate for red muscle (3, 10, 2 1, 30, 3 1, 46) may be misleading since red skeletal muscle, as is already known for heart ( 11, 17, 24) , appears to be capable of oxidizing carbohydrate at least as effectively as fat4. There is considerable evidence that the muscle glycogen is utilized mainly when the energy demand is either heavy and sudden or when other oxidizable substrates are in short supply. Thus, in humans and in dogs the ability to perform moderate exercise is appreciable and under these conditions it has been shown that the greater part of the energy requirement is met by the oxidation of fat. However, in the event of vigorous exercise glycogenolysis becomes the major energy yielding process, and under these conditions glycogen disappears rapidly with the appearance of lactate. The ability to perform such heavy exercise is quite limited, however, and it ceases when muscle glycogen is nearly exhausted (5, 6, 22, 23, 36, 52) . Parenthetically it might be added that although various human muscles are not clearly identifiable as red or white, as is often the case in lower animals ( l), the two fiber types are recognizable histochemically in man and exhibit the differences in the energy metabolism appropriate to either sudden or sustained activity, as in lower animals. The significance of glycogenolysis for providing energy anaerobically under conditions of oxygen insufficiency, such as in the first few minutes of any exercise or during brief periods of vigorous exercise, is well recognized.
However, the present findings suggest tha.t such glycogenolysis may have additional relevance. Thus, since skeletal muscle mitochondria oxidize pyruvate at a faster rate, giving a higher energy yield (ADP/O) than when oxidizing fatty acids, it is evident that carbohydrate oxidation has a greater potential for meeting severe energy demands.
This would be particularly valuable under conditions of oxygen insufficiency, since with the same limiting oxygen supply oxidation of carbohydrate would provide more energy than that of fat.
It has been inferred that muscles such as rat heart (51), human heart (8) and skeletal muscle of human forearm (39), which are not of the visibly white variety, generally utilize fatty acids to a greater extent than carbohydrate for energy production in vivo. Quite evidently this cannot be related to any greater capacity of red muscle to derive energy by oxidizing fat than carbohydrate.
There is considerable evidence that the utilization of fatty acids for oxidation may be determined by their availability rate ( 17, 36 
